Concentration gradients are believed to play a key role in guiding axons to their appropriate targets during neural development. However, there are fundamental physical constraints on gradient detection, and these strongly limit the fidelity with which axons can respond to gradient cues. I discuss these constraints and argue they suggest that many axon guidance events in vivo cannot be explained solely in terms of gradient-based mechanisms. Rather, precise wiring requires the collaboration of gradients with other types of guidance cues. Since we know relatively little about how this might work, I argue that our understanding of how the brain becomes wired up during development is still at an early stage.
For the brain to function correctly it must be wired correctly, and many neurodevelopmental disorders are likely to be the result of wiring defects [1] [2] [3] [4] . How does this precise wiring occur? A key hypothesis in the field, first presented by Cajal, is that axons are often directed by chemotaxis, that is, following concentration gradients of molecular cues [5] [6] [7] . These molecular cues can be either soluble or substrate-bound. This is an attractive idea: chemotaxis is important in many biological processes [8, 9] and appears to be an effective way of providing directional information over the often long distances that axons must traverse in vivo. However, here I suggest reasons to doubt that the directional information provided by concentration gradients (either attractive or repulsive) is sufficiently reliable, by itself, to robustly direct precise brain wiring.
Evidence for Gradients in Axon Guidance
The past two decades have seen major breakthroughs in terms of identifying important families of molecular guidance cues for axons [10, 11] . Support for the importance of gradients of these cues in axon guidance comes from several sources. First, often these cues seem to be present in the developing nervous system as appropriately positioned concentration gradients [12] [13] [14] . Second, in vitro assays show that gradients of these cues can impart directional information to axon growth [15] [16] [17] [18] [19] [20] [21] . And third, genetic manipulations of cues believed to act via gradients in vivo can cause axonal miswiring (e.g., [22] [23] [24] [25] , reviewed in [11, 26] ).
However, much of the (extremely successful) focus of axon guidance research in the modern era has been on identifying the molecules involved rather than on quantitative considerations of gradient-based guidance (for an early exception, see [5] ). Showing an effect of a gradient on axons in vitro or that disrupting a gradient in vivo causes miswiring are essentially binary outcomes. By themselves these results are insufficient to quantitatively explain the precise paths that axons normally take in vivo. Indeed, it remains to be demonstrated that any nontrivial axon trajectory in vivo (such as a stereotyped turn) can be quantitatively explained by purely gradient guidance. Instead I suggest that, for the parameters relevant to axon guidance events, the fidelity of purely gradient-based directional sensing is, unavoidably, very low, and probably insufficient by itself to provide sufficiently reliable guidance information for robust in vivo wiring.
Trends
Concentration gradients have been implicated in many axon guidance events in vivo. However, axonal chemotaxis is constrained by fundamental physical limits on gradient sensing.
These limits arise from unavoidable stochastic variations in the number of ligand molecules present, the number of receptors bound at each moment, and the limited number of molecules in downstream signalling pathways.
The size of these stochastic variations can be calculated theoretically. These calculations suggest that gradients alone are unlikely to provide a directional signal reliable enough to explain the trajectories taken by axons in vivo.
Therefore, gradient cues likely collaborate with other types of guidance cues in ways that have yet to be determined.
